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Pyrolysis  of  Milkweed  was  carried  out  in  a  thermogravimetric  analyzer  and  a  bubbling  fluidized  bed 
reactor.  Total  liquid  yield  of  Milkweed  pyrolysis  was  between  40.74%  and  44.19  wt%  between  425  °C 
and  550  °C.  The  gas  yield  increased  from  27.90  wt%  to  33.33  wt%  with  increasing  reaction  temperature. 
The  higher  heating  values  (HHV)  of  the  Milkweed  bio-oil  were  relatively  high  (30.33-32.87  MJ/kg)  and 
varied  with  reaction  temperature,  feeding  rate  and  fluidization  velocity.  The  selectivity  for  C02  was 
highest  within  non-condensable  gases,  and  the  molar  ratio  of  C02/C0  was  about  3  at  the  different 
reaction  conditions.  The  13C  NMR  analysis,  of  the  bio-oil  showed  that  the  relative  concentration  carbox¬ 
ylic  group  and  its  derivatives  was  higher  at  425  °C  than  475  °C,  which  resulted  in  slightly  higher  oxygen 
content  in  bio-oil.  The  pH  of  aqueous  phase  obtained  at  475  °C  was  7.37  which  is  the  highest  reported  for 
any  lignocellulosic  biomass  pyrolysis  oils. 
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1.  Introduction 

Biomass  resources  such  as  woody  biomass  (Agblevor  et  al., 
1995,  2010;  Bridgwater,  2012;  Yathavan  and  Agblevor,  2013; 
Kim  et  al„  2014),  herbaceous  plants  (Gu  et  al„  1992;  Boateng 
et  al.,  2010;  Choi  et  al.,  2011),  aquatic  plants  (Kim  et  al.,  2013; 
Sanchez-Silva  et  al.,  2012),  and  poultry  litter  (Kim  et  al.,  2009; 
Mante  and  Agblevor,  2010),  are  being  investigated  as  potential 
resources  for  fuels  and  chemicals.  Lignocellulosic  biomass,  which 
is  composed  of  hemicellulose,  cellulose,  lignin  and  minor  amounts 
of  other  organics,  is  recognized  as  a  major  source  of  renewable 
energy  (Bridgwater  et  al.,  1999).  Herbaceous  plants  such  as  Pennycress 
(Boateng  et  al.,  2010),  Milkweed  (Foster  and  Karpiscak,  1983;  Gu 
et  al.,  1992),  and  hemp  (Choi  et  al.,  2011)  are  being  considered  as 
potential  energy  corps  because  they  are  fast  growing  and  short 
rotation  crops.  Milkweed  contains  about  1  -2%  latex,  and  was  inves¬ 
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tigated  as  a  source  of  natural  rubber  in  Germany  and  the  United 
States  during  World  War  II.  No  record  has  been  found  of  large-scale 
success.  Milkweed  is  now  being  grown  commercially  for  production 
of  floss  for  use  as  hypoallergenic  fillers  in  pillows  and  comforters 
(Evangelista,  2007).  Foster  and  Karpiscak  (1983)  investigated  the 
use  of  arid  land  plants  for  direct  combustion,  production  of  liquid 
fuels,  and  feedstocks  for  hydrocarbon  production.  Milkweed  grows 
in  Nevada,  New  Mexico,  Arizona,  and  coastal  range  of  California. 
The  Plant  Resource  Institute,  Salt  Lake  City,  Utah  projects  17.9  t/ 
ha  yr  (dry  basis)  were  possible  with  three  cuttings.  They  reported 
that  Milkweed  could  also  yield  20%  liquid  hydrocarbons  (dry  basis) 
with  heating  values  up  to  34.9  MJ/kg.  Gu  et  al.  (1992)  investigated 
the  correlation  between  chemical  composition  of  Milkweed  and  its 
thermal  decomposition.  They  analyzed  FT-IR  spectra  for  the  pyro¬ 
lysis  of  Milkweed  at  300  °C,  and  reported  that  acetic  acid,  formic 
acid  and  methanol  were  formed  in  addition  to  C02  and  H20. 

Fast  pyrolysis  studies  have  been  widely  used  for  converting 
waste  biomass  and  lignocellulosic  biomass  into  liquid  and  gaseous 
products  and  solid  char  residue.  Mullen  et  al.  (2013)  researched 
hydrotreating  of  fast  pyrolysis  oils  from  protein-rich  pennycress 
seed  presscake,  and  studied  the  mild  batch  hydrogenation  of  the 
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pyrolysis  oil  at  ~13.8MPa  H2  and  320  °C  over  precious  metal 
catalyst  supported  on  charcoal:  Ru/C,  Pd/C  and  Pt/C.  The  upgraded 
pyrolysis  oil  contained  <15wt%  total  hetero  atom  content 
(O  +  N  +  S)  with  an  HHV  of  33.4-37.0  MJ/kg,  and  they  reported  that 
the  products  were  very  rich  in  long  chain  aliphatic  hydrocarbons. 
Yathavan  and  Agblevor  (2013)  researched  catalytic  pyrolysis  of 
Pinyon-Juniper  in  a  bubbling  fluidized  bed  reactor  using  red  mud 
and  HZSM-5  as  a  catalyst.  The  higher  heating  value  (HHV)  of  the 
red  mud  catalyzed  bio-oil  was  29.46  MJ/kg,  and  that  catalyzed  by 
HZSM-5  was  28.55  MJ/kg. 

In  this  work,  thermogravimetric  characteristic  and  kinetic  of 
Milkweed  was  investigated  using  TGA,  and  fast  pyrolysis  character¬ 
istics  of  Milkweed  in  a  bubbling  fluidized  bed  reactor  were  also 
investigated.  The  overall  goal  of  this  study  is  to  develop  Milkweed 
as  a  high  energy  density  feedstock  for  biofuel  production. 

2.  Experiment 

Milkweed  ( Asclepicis  syriaca )  was  obtained  from  the  University  of 
Western  Illinois,  Alternative  Crops  Research  Program.  It  was 
ground  in  a  Wiley  mill  (Thomas  Scientific,  Model  4)  to  pass 
2  mm  screen.  The  moisture  content  was  determined  using  a 
Denver  Instruments  IR  60  infrared  moisture  analyzer  (Denver 
Instruments,  Bohemia,  NY),  and  ash  content  of  experimental 
sample  were  determined  using  ASTM  El 755  (Annual  book  of  ASTM 
standards,  2000).  The  volatile  matter,  fixed  carbon,  and  thermo¬ 
gravimetric  analysis  were  determined  using  TA  Q500  thermogravi¬ 
metric  analyzer  (TA  Instruments,  New  Castle  DE).  The  elemental 
compositions  were  determined  using  Flash  2000  organic  elemental 
analyzer  (Thermo  Fisher  Scientific.  Inc.,  Waltham,  MA).  The  higher 
heating  value  (HHV)  of  Milkweed  was  determined  using  IKA  basic 
bomb  calorimeter  (IKA  Works  Inc.,  Wilmington,  NC). 

A  sample  mass  of  15  ±  1  mg,  was  used  for  the  thermogravimet¬ 
ric  analysis,  in  a  Nitrogen  atmosphere  at  a  gas  flow  rate  of 
40  ml/min.  The  particle  size  of  Milkweed  was  <2  mm  for  TG 
analysis.  The  heating  rates  were  set  at  5  °C/min,  10  °C/min, 


15°C/min,  and  20°C/min  and  the  samples  were  heated  from 
20  °C  to  700  °C. 

The  fast  pyrolysis  of  Milkweed  was  conducted  in  a  bubbling  flu¬ 
idized  bed  reactor.  The  schematic  diagram  of  experimental  equip¬ 
ment  is  shown  in  Fig.  1 .  The  reactor  consisted  of  a  5.08  cm  schedule 
stainless  steel  pipe,  50.8  cm  high  (including  14.0  cm  pre-heater 
zone  below  the  gas  distribution  plate)  and  equipped  with  a 
100  pm  porous  metal  gas  distributor.  The  bed  material  was  silica 
sand  (60-80  mesh)  which  was  fluidized  with  nitrogen.  The  diame¬ 
ters  of  bed  material  was  between  177  pm  and  231  pm.  The  reactor 
tube,  which  contained  a  bubbling  fluid  bed  with  back  mixing  of  the 
feed,  was  externally  heated  with  three  zone  electric  furnace 
(Thermcraft  Inc.,  Salem,  NC). 

The  ground  Milkweed  samples  (<2  mm)  were  loaded  into  a  feed 
hopper  (batch-wise)  and  conveyed  by  a  twin-screw  feeder  into  an 
entrainment  compartment  where  high-velocity  nitrogen  gas 
entrained  the  feed  and  carried  it  through  a  jacketed  water-cooled 
feeder  tube  into  the  bubbling  fluidized  bed  reactor.  The  pyrolysis 
temperature  was  maintained  between  425  °C  and  550  °C,  and  the 
apparent  pyrolysis  vapor  residence  time  was  less  than  2.90  s 
depending  on  reaction  conditions.  Thus,  the  reaction  of  in  a  bub¬ 
bling  fluidized  bed  reactor  is  a  fast  pyrolysis  considering  residence 
time  of  pyrolysis  vapor.  The  system  was  turned  on  2  h  before 
experiment,  and  the  setting  value  of  reaction  temperature  was 
constant  within  ±10  °C.  The  experiments  lasted  from  1  h  to  2  h 
after  1  h  stabilization  period  before  Milkweed  feeding,  and  the  feed 
rate  of  sample  was  between  100  g/h  and  200  g/h.  The  feed  rate  of 
sample,  gas  flow  rate  and  reactor  temperature  were  kept  constant 
during  each  run.  The  sand  bed  and  the  reactor  temperature  were 
measured  and  controlled  by  three  K-type  thermocouples  inserted 
into  a  thermal  well  in  the  bubbling  fluidized  bed  reactor. 

The  pyrolysis  vapor  (>425  °C)  exiting  the  reactor  was  condensed 
in  a  series  of  two  ethylene  glycol-cooled  condensers  and  an  elec¬ 
trostatic  precipitation  (ESP)  unit.  The  aqueous  phase  (water)  was 
condensed  in  the  ethylene  glycol-cooled  condenser  which  was 
maintained  below  -10  °C.  The  aerosol,  which  was  not  condensed 


1 .  Fluidized  Bed  Reactor 

2.  Furnace 

3.  Thermocouple 

4.  Mass  Flow  Controller 

5.  Heat  Exchanger 

6.  Hopper 


7.  Sample  Feeder 

8.  Computer 

9.  Heating  Tape 

10.  Hot  Filter 

1 1 .  Reservoir 

12.  Condenser 


13.  Electrostatic  Precipitator 

14.  AC  Power  Supply 

15.  Filter 

16.  Mass  Flow  meter 

17.  Gas  Chromatograph 


Fig.  1.  Schematic  diagram  of  bubbling  fluidized  bed  reactor. 
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in  the  ethylene  glycol/water-cooled  condenser,  was  collected  in 
the  ESP  unit.  The  char  fraction  was  separated  in  hot  gas  filter.  Solid, 
liquid  and  gas  yields  were  determined  gravimetrically  by  weight¬ 
ing  the  apparatus  before  and  after  each  experiment.  The  gas  yield 
was  calculated  by  difference:  Gas  yield  =  100  -  (Char/Ash) 
yield  -  Total  Liquid  yield.  The  non-condensable  gases  were 
connected  to  SRI  861 0C  gas  chromatograph  (SRI  Instruments, 
Torrance,  CA)  for  online  analysis.  The  GC  was  equipped  with  FID 
and  TCD;  Molecular  sieve  13x  was  used  to  analyze  Ct-C6  hydro¬ 
carbons,  and  Hysep  D  column  was  used  to  analyzed  hydrogen 
(H2),  carbon  monoxide  (CO),  carbon  dioxide  (C02)  and  methane 
(CH4).  The  pH  of  aqueous  phase  was  measured  using  Mettler 
Toledo  pH  Meter  and  probe  (Mettler-Toledo  GmbH,  Switzerland). 
The  1H  and  13C  NMR  spectra  of  bio-oil  were  recorded  on  a  JEOL 
300  MHz  NMR  spectrometer  (JEOL,  Ltd.,  Tokyo,  Japan).  Bio-oil 
(0.2  g)  was  dissolved  in  0.3  ml  deuterated  dimethyl  suIfoxide-d6 
(DMS0-d6)  in  a  5  mm  sample  tube.  The  observing  frequency  for 
the  13C  nucleus,  the  pulse  width,  the  acquisition  time,  and  the 
relaxation  delay  were  100.58  MHz,  10  ps,  1.58  s,  and  2  s,  respec¬ 
tively.  The  spectra  were  obtained  with  3000  scans  and  a  sweep 
width  of  20  kHz. 


3.  Results  and  discussion 

3.3.  Characteristics  of  Milkweed 

The  volatile  matter  and  the  fixed  carbon  content  of  Milkweed 
were  79.15  wt%  and  13.48  wt%,  respectively.  The  moisture  and 
ash  contents  and  HHV  of  Milkweed  were  7.58  wt%,  11.20wt%, 
and  16.67  MJ/kg,  respectively.  The  elements  of  carbon  (C),  hydro¬ 
gen  (H),  nitrogen  (N)  and  oxygen  (O)  were  41.92  wt%,  6.0  wt%, 
2.97  wt%  and  49.11  wt%,  respectively.  The  H/C  molar  ratio  of 
Milkweed  was  1.72  and  the  O/C  ratio  was  0.88  compared  to  1.53 
and  0.70,  respectively,  reported  for  Pinyon  pine  wood  by 
Kim  et  al.  (2014).  The  HHV  is  strongly  dependent  on  the  carbon, 


Fig.  2.  Weight  loss  curves  for  Milkweed  at  heating  rates  of  5, 1 0, 1 5,  and  20  °C/min. 


oxygen,  and  ash  contents  of  the  feedstock;  high  carbon  as  well  as 
low  oxygen  and  ash  results  in  high  HHV.  The  HHV  of  Milkweed 
was  16.67  MJ/kg  compared  to  18.60  MJ/kg  reported  for  Pinyon  pine 
because  of  the  higher  O/C  ratio  and  higher  ash  content  of  this 
feedstock. 

3.2.  Therinogravimetric  analysis  and  kinetic  parameters  for  Milkweed 

Fig.  2  shows  TGA  percent  weight  loss  of  Milkweed  in  N2 
atmosphere  at  four  different  heating  rates  5  °C/min,  10°C/min, 
15°C/min,  and  20  °C/min.  The  reaction  of  Milkweed  in  TGA  is  a 
slow  pyrolysis  although  the  heating  rate  are  varied  from 
5  °C/min  to  20  °C/min  under  700  °C.  Average  char  yield  of  Milkweed 
was  24.96  wt%  compared  to  20.0  wt%  reported  for  Pinyon  pine 
(Kim  et  al.  (2014)),  which  is  found  in  western  United  States,  is  a 
10-30  foot  tall  tree,  growing  in  the  pinyon-juniper  woodlands 
(Short  et  al.,  1997).  The  high  char  yield  in  Milkweed  pyrolysis  was 
attributed  to  the  high  ash  content  (11.2-11.7  wt%)  of  the  feedstock. 
Ash  content  of  Pinyon  pine  was  0.44  wt%,  and  char  yield  of  that 
material  was  lower  than  Milkweed.  Kim  et  al.  (2013)  reported  pyro¬ 
lysis  characteristics  and  kinetics  of  macro  algae  ( Sagarssum  sp.); 
the  average  char  content  was  46.17  wt%  from  the  TGA  heating  rate 
of  5-20  °C/min.  Thus,  the  higher  char  yield  from  the  pyrolysis  of 
biomass  is  attributed  to  the  high  inorganic  materials,  which  is 
characterized  as  ash  (11.20  wt%)  as  shown  in  Table  1. 

The  results  of  thermogravimetric  experiments  were  expressed 
as  a  function  of  conversion  X,  as  defined  in  Eq.  (1). 


where,  W0  is  the  initial  mass  of  sample;  W  is  the  mass  of  pyrolyzed 
sample;  is  the  final  residual  mass. 

The  degree  of  conversion  versus  temperature  for  Milkweed  in 
nitrogen  atmosphere  is  shown  in  Fig.  2,  and  the  thermogravimetric 
characteristics  showed  similar  patterns  at  the  heating  rates  of  5, 
10, 15,  and  20  °C/min.  The  weight  loss  below  120  °C  was  attributed 
to  desorption  of  moisture  bound  to  the  surface  and  pores  of 
Milkweed  samples.  The  TGA  curves  of  the  Milkweed  samples 
showed  major  decomposition  occurring  between  200  °C  and 
500  °C.  The  maximum  weight  loss  temperature  was  296  °C  at  the 
heating  rate  of  5  °C/min.  Gu  et  al.  (1992)  reported  thermal  charac¬ 
terization  of  Milkweed  floss  at  nitrogen  flow  lOOml/min  with 
heating  rate  of  5  °C/min.  The  weight  loss  was  71  wt%  between 
100  °C  and  350  °C,  and  llwt%  between  350  °C  and  600  °C  and 
the  maximum  degradation  temperature  was  315  °C.  When  ligno- 
cellulosic  biomass  are  pyrolyzed,  hemicellulose  starts  to  decom¬ 
pose  around  290  °C,  and  cellulose  decomposes  over  30  °C  range 
between  320  °C  and  380  °C  (Wang  et  al.,  2008).  Lignin  has  a  broad 
decomposition  temperature  range  between  200  °C  and  500  °C 
which  makes  it  impossible  to  define  an  activation  energy  for  the 
reaction  (Guar  and  Reed,  1994;  Vamvuka  et  al.,  2003;  Alvarez 
and  Vazquez,  2004).  The  differential  thermogram  of  Milkweed 
(Fig.  3)  showed  four  major  peaks  between  200  °C  and  500  °C.  The 
first  peak  for  the  Milkweed  was  a  small  left  shoulder  at  230-280  °C 
for  the  heating  rate  of  5  °C/min,  which  was  attributed  to  the 


Table  1 

Calculated  kinetic  parameters  for  the  pyrolysis  of  Milkweed. 


Ea  (kj/mol)  Conversion  (%) 


5 

70.22 

10 

72.78 

20 

144.65 

30 

142.81 

40 

152.70 

50 

146.60 

60 

152.50 

70 

181.79 

80 

257.63 

85 

302.03 

90 

752.35 

n 

0th 

2.25  x  107 

6.09  x  105 

8.36  x  1011 

1.23  x  1011 

2.91  x  10" 

2.82  x  1010 

4.48  x  1010 

3.17  x  1012 

1.95  x  1017 

3.85  x  1019 

3.45  x  10: 

1st 

2.37  x  107 

6.77  x  105 

1.04  x  1012 

1.76  x  10" 

4.84  x  10" 

6.64  x  10'° 

1.12  x  10" 

1.05  x  1013 

9.74  x  1017 

2.57  x  102° 

3.45  x  10' 

2nd 

2.50  x  107 

7.52  x  105 

1.31  x  1012 

2.51  x  10” 

8.07  x  10” 

1.13  x  10" 

2.80  x  10" 

3.52  x  1012 

4.87  x  1018 

1.71  x  1021 

3.45  x  10' 
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Fig.  3.  Thermogravimetric  and  differential  thermogravimetric  curves  of  Milkweed 
in  nitrogen  atmosphere  at  heating  rate  of  5,  10,  15  and  20  °C/min. 

decomposition  of  hemicelluloses,  while  the  main  peak  at  296  °C 
was  due  to  the  decomposition  of  cellulose,  which  is  similar  to 
the  results  of  other  researchers  (Guar  and  Reed,  1994;  Alvarez 
and  Vazquez,  2004).  It  is  known  that  Milkweed  contains  latex,  but 
the  concentrations  of  latex  vary  and  are  too  low  for  commercial 
exploitation.  There  is  a  small  peak  between  330  °C  and  380  °C, 
which  appears  to  be  due  to  the  decomposition  of  latex  in  Milkweed. 
Seidelt  et  al.  (2006)  reported  that  natural  rubber  decomposed 
between  330  °C  and  390  °C  at  5  K/min,  which  supports  the  inter¬ 
pretation  of  the  above  thermogram  for  the  Milkweed.  Lignin  does 
not  decompose  at  a  clearly  defined  temperature,  but  decomposes 
across  a  wide  range  of  temperature  (210-500  °C).  It  is,  therefore 
plausible  that  the  peak  between  400  °C  and  500  °C  is  due  to  the 
decomposition  of  lignin. 

The  TGA  graphs  were  analyzed  using  the  differential  method  to 
obtain  the  pyrolysis  kinetic  parameters  from  the  thermogravimet¬ 
ric  data  (Friedman,  1963;  Liou  et  al.,  1997;  Kim  and  Agblevor, 
2007).  The  rate  of  conversion,  dX/dt,  during  the  pyrolysis  was 
expressed  as  below. 

ln^=ln[A.(l-X)"]-|.I  (2) 

where  E,  k,  R,  t,  and  T  activation  energy  (kj/mol),  pyrolysis  rate  con¬ 
stant  (s_1),  gas  constant  (J/mol  K),  pyrolysis  time  (min),  and  pyroly¬ 
sis  temperature  (K),  respectively.  The  apparent  energy  of  activation 
E,  from  Eq.  (2),  can  be  determined  from  the  relationship  between 
In  (dX/dt)  and  1/T  if  ln[A(l-X)n]  is  constant.  The  intercept 
(ln(A  (l  -  X)"))  in  Eq.  (2)  can  be  calculated  at  each  conversion.  Since 
the  intercept  varies  with  the  degree  of  conversion,  Eq.  (3),  a  plot  of 
ln(l  -  X)  vs  intercept  at  each  conversion  can  be  used  to  determine 
the  pre-exponential  factor  (A)  when  the  apparent  order  of  reaction 
(n)  is  assumed  to  be  0,  1  or  2. 

InA  +  n  •  ln(l  -X)  =  K  (3) 

where  K  =  intercept  at  each  conversion  X 

The  variations  of  apparent  activation  energies  as  a  function  of 
conversion  for  Milkweed  pyrolysis  is  shown  in  Table  1.  The  range 
of  apparent  activation  energies  of  Milkweed  was  between 
70.22  kj/mol  and  752.35  kj/mol  in  nitrogen  atmosphere  for  conver¬ 
sions  between  5%  and  90%.  The  moisture  on  the  surfaces  of  Milk¬ 
weed  sample  vaporized  below  120  °C,  as  seen  in  DGT  curves  in 
Fig.  2.  It  was  assumed  that  the  activation  energy  of  70.22  kj/mol 
and  72.78  kj/mol  at  5%  and  10%  conversion  corresponded  to  the 
vaporization  of  moisture.  The  apparent  activation  energies  were 
similar  to  the  conversion  between  20%  and  60%.  As  shown  in  the 


TG  curves,  hemicellulose  and  cellulose  decomposed  below  60% 
conversion  and  the  corresponding  activation  energy  was  between 
144.65  kj/mol  and  152.50  kj/mol.  When  the  temperature  was 
between  330  °C  and  380  °C  which  corresponded  to  70-80%  conver¬ 
sions,  the  apparent  activation  energies  were  181.79-257.63  kj/mol 
which  is  similar  to  the  apparent  activation  energy  (254  kj/mol) 
reported  by  Seidelt  et  al.  (2006)  for  natural  rubber.  The  DTG  had 
a  shoulder  above  400  °C,  which  tailed  and  continued  at  a  relatively 
slower  rate  probably  because  of  the  deposition  of  char  on  the 
undecomposed  lignin.  The  pre-exponential  factor  was  between 
1010  and  1017  min-1  when  the  Milkweed  conversion  was  between 
20%  and  80%,  but  then  increased  rapidly,  probably  because  of 
further  devolatilization  of  the  residual  char. 

3.3.  Product  yield  and  characteristics 

Table  2  shows  the  effect  of  reaction  temperature  on  product 
yields  of  total  liquid  (organics  and  water),  char,  and  gas  from  the 
pyrolysis  of  Milkweed  in  a  bubbling  fluidized  bed  reactor.  Analysis 
of  char/coke,  condensable  product  and  non-condensable  gaseous 
product  was  explained  in  Section  2  in  detail. 

The  reaction  temperature  for  the  fast  pyrolysis  of  Milkweed  in  a 
bubbling  fluidized  bed  was  determined  from  the  TG  and  DTG 
curves  in  Fig.  3.  When  the  reaction  temperature  reached  425  °C, 
the  average  conversion  was  86.92%  at  each  heating  rate.  It  was 
assumed  that  most  of  hemicellulose,  cellulose  and  natural  rubber 
had  decomposed  between  425  °C  and  550  °C  for  the  fast  pyrolysis. 
As  the  pyrolysis  temperature  was  increased  from  425  °C  to  550  °C, 
total  liquid  yield  ranged  from  40.74  wt%  to  44.19  wt%.  However, 
bio-oil  (organics)  fraction  slightly  decreased  with  increasing  tem¬ 
perature  but  water  fraction  did  not  much  change.  Char/coke  yields 
were  similar  for  different  temperatures,  whereas  the  gas  yield 
increased  with  increasing  reaction  temperature.  Total  liquid  yield 
was  highest  (44.19  wt%)  at  425  °C,  and  gas  yield  was  highest 
(33.33  wt%)  at  550  °C.  Milkweed  had  high  ash  content  (11.20  wt%) 
compared  to  most  woody  biomass,  but  its  char/coke  yield  at 
475  °C  was  24.5  wt%  which  is  similar  to  that  for  Piny  on-juniper 
wood  reported  by  Yathavan  and  Agblevor  (2013).  The  relatively 
low  char/coke  yield  for  Milkweed  was  rather  surprising  because 
ash  is  supposed  to  be  a  major  promoter  of  char/coke  formation. 
Inorganic  materials  in  ash  such  as  potassium  (K),  calcium  (Ca) 
and  phosphorous  (P)  are  known  to  catalyze  char  formation  reac¬ 
tions  (DeGroot  and  Shafizadeh,  1984).  High  char/coke  yield 
(33.84-44.71  wt%)  was  reported  (Kim  et  al.,  2009)  for  the  fast 
pyrolysis  of  chicken  litter  which  had  high  ash  content  (21.45- 
22.80  wt%).  Therefore,  high  char/coke  formations  were  expected 
from  Milkweed  pyrolysis  because  of  its  high  ash  content,  but  sur¬ 
prisingly  the  Milkweed  and  Pinyon-Juniper  had  similar  char/coke 
yields.  The  relatively  low  char/coke  yield  from  the  Milkweed  could 
be  probably  due  to  the  latex  content  of  the  biomass  whose  decom¬ 
position  products  did  not  further  react  with  the  inorganic  species 
to  form  char/coke. 

The  elemental  analysis  and  HHV  of  bio-oil  from  Milkweed  are 
shown  in  Table  2.  The  carbon  (C)  contents  of  the  bio-oils  were 
25  wt%  higher  than  that  of  Milkweed  feedstock,  but  the  oxygen 
(O)  contents  were  32  wt%  less  than  that  of  Milkweed  feedstock. 
The  nitrogen  was  significantly  concentrated  in  the  bio-oil, 
especially,  bio-oil  obtained  at  450  °C  showed  the  highest  nitrogen 
content,  which  was  2.22  times  higher  than  Milkweed  sample. 
Higher  heating  value  (HHV)  is  directly  dependent  on  the  carbon 
and  hydrogen  contents  of  the  feedstock  and  inversely  with  oxygen 
content.  HHV  of  Milkweed  bio-oil  was  between  30.33  MJ/kg  and 
32.04  MJ/kg,  which  were  much  higher  than  the  HHVs  of  most 
lignocellulosic  biomass  pyrolyzed  under  similar  conditions. 
Agblevor  et  al.  (1995)  researched  fast  pyrolysis  of  stored  woody 
and  herbaceous  biomass  feedstocks  and  the  HHV  of  bio-oil  from 
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Table  2 

Effect  of  reaction  temperature  on  product  yields  in  a  bubbling  fluidized  bed  for  Milkweed ;  feeding  rate  =  200  g/h. 


Temperature  (°C) 


425  °C 

450  °C 

475  °C 

500  °C 

525  °C 

550  °C 

Product  yield  (wt%) 

Total  liquid 

44.19 

42.86 

42.24 

42.02 

43.33 

40.74 

Organics 

26.35 

22.99 

23.96 

23.74 

24.19 

21.96 

Water 

17.84 

19.87 

18.28 

18.29 

19.14 

18.78 

Char 

27.91 

28.04 

24.84 

26.06 

25.56 

25.93 

Gas 

27.90 

29.10 

32.92 

31.92 

31.11 

33.33 

Elemental  analysis  of  bio-oil  (wt%) 

C 

69.07 

67.34 

69.07 

70.79 

70.74 

67.88 

±0.90 

±0.56 

±0.36 

±0.40 

±0.92 

±0.75 

H 

8.81 

8.64 

8.97 

8.90 

8.99 

9.01 

±0.22 

±0.03 

±0.15 

±0.08 

±0.11 

±0.14 

N 

5.52 

6.60 

5.67 

6.17 

6.34 

6.44 

±0.52 

±0.30 

±0.23 

±0.14 

±0.50 

±0.05 

O 

16.60 

17.42 

16.29 

14.14 

14.33 

16.67 

HHV  of  bio-oil  (MJ/kg) 

31.28 

30.33 

30.92 

32.09 

32.24 

31.27 

pH  of  aqueous  phase 

6.90 

7.69 

7.37 

7.76 

7.47 

7.71 

±0.04 

±0.02 

±0.01 

±0.02 

±0.02 

±0.02 

Gas  selectivity  (mol%) 

CO 

20.04 

20.79 

21.99 

20.52 

23.65 

16.77 

co2 

71.03 

68.67 

72.58 

69.07 

53.44 

51.08 

H2 

0.00 

0.00 

0.00 

0.00 

10.63 

21.45 

ch4 

4.73 

5.68 

2.07 

5.37 

7.14 

7.33 

c2h6 

0.64 

0.74 

0.26 

0.57 

0.78 

0.45 

c3h8 

1.22 

1.27 

1.38 

1.76 

1.11 

0.62 

>C4  hydrocarbons 

2.35 

2.75 

1.72 

2.71 

3.25 

2.31 

fresh  and  stored  biomass  feedstocks  were  between  22.5  MJ/kg  and 
24.7  MJ/kg.  In  their  study,  they  observed  that  HHV  of  bio-oils 
decreased  slightly  with  storage  time  for  all  the  feedstock.  The 
HHV  of  bio-oil  was  24.87  MJ/kg  for  the  fast  pyrolysis  of 
Pinyon-Juniper  using  sand  pyrolysis  medium,  whereas  the  HHVs 
increased  to  28.55  MJ/kg  and  29.46  MJ/kg,  respectively,  when 
Yathavan  and  Agblevor  (2013)  used  HZSM-5  and  red  mud  as  a 
catalytic  pyrolysis  medium.  Mante  et  al.  (2012)  researched  the 
influence  of  recycling  non-condensable  gases  (NCG)  on  the  frac¬ 
tional  catalytic  pyrolysis  of  hybrid  poplar  at  470  °C.  They  reported 
recycling  of  NCG  increased  the  HHV  and  the  pH  of  the  bio-oil.  The 
maximum  HHV  was  31.27  MJ/kg  in  the  NCG  recycle  run  with 
FCC/FeCrCu/CoMo  catalyst,  and  the  improvement  of  bio-oil  quality 
were  attributed  to  the  enhanced  cracking  and  deoxygenation 
reactions  such  as  decarboxylation,  decarbonylation  and  demeth- 
oxylation.  The  ratios  of  H/C  of  bio-oil  from  Milkweed  were  between 
0.96  and  1.18,  and  those  of  O/C  were  between  0.15  and  0.18.  The 
ratio  of  O/C  of  bio-oil  decreased  drastically  compared  to  raw 
Milkweed  feedstock  (0.88).  In  terms  of  energy  density  of  bio-oil, 
Milkweed  is  a  very  promising  renewable  resource. 

The  pH  of  most  lignocellulosic  bio-oil  is  usually  less  than  4  for 
both  catalytic  and  non-catalytic  pyrolysis  products  (Yathavan  and 
Agblevor,  2013;  Mante  et  al.,  2012;  Bridgwater,  2012).  The 
ethylene  glycol/water-cooled  condensate  was  a  two  phase  product 
containing  organic  compounds  and  water  from  the  1st  condenser 
(Fig.  1).  The  pH  of  the  aqueous  phase  was  almost  neutral 
(6.90-7.71),  which  is  the  highest  reported  for  any  lignocellulosic 
raw  bio-oil  and  suggests  that  bio-oil  from  Milkweed  fast  pyrolysis 
may  be  less  corrosive  than  most  lignocellulosic  bio-oils. 

The  gas  products  CO,  C02  and  CH4  were  similar  for  all  reaction 
temperatures,  but  the  concentration  of  gas  components  varied 
with  pyrolysis  temperature.  The  C02  contents  were  highest  for 
all  reaction  temperatures,  but  was  similar  to  the  results  of 
Yathavan  and  Agblevor  (2013).  The  concentration  of  C02  decreased 
with  increasing  reaction  temperature,  whereas  CH4  increased.  The 
pyrolysis  behavior  of  biomass  by  means  of  TGA-MS  has  been  stud¬ 
ied  for  lignocellulosic  biomass  and  marine  biomass  (Sanchez-Silva 
et  al.,  2012).  Hydrogen  production  was  only  observed  at  tempera¬ 
tures  higher  than  500  °C.  The  production  of  H2  at  525  °C  and  550  °C 


in  the  fast  pyrolysis  of  Milkweed  were  similar  to  those  reported  in 
literature. 

The  product  distributions  under  different  feeding  rates  and 
reaction  temperature  are  shown  in  Table  3.  Total  liquid  yield 
increased  with  increasing  feeding  rates  and  temperature,  but  there 
was  no  obvious  effect  of  feeding  rates  on  char/coke  and  gas  yields. 
A  fluidized  bed  is  known  to  separate  into  2  beds  such  dense  and 
suspension  due  to  the  segregation  effect  (Luo  et  al.,  2005;  Heo 
et  al.,  2010).  The  temperature  of  dense  bed  is  higher  than  that  of 
suspension  bed  at  higher  feeding  rates,  which  could  enhance  gas 
flow  velocity,  and  it  could  prevent  secondary  cracking  of  pyrolysis 
vapors  in  fluidized  bed  and  result  in  increased  total  liquid  yield 
(Luo  et  al.,  2004;  Heo  et  al.,  2010).  Total  liquid  yield,  especially 
organic  fraction,  increased  with  increasing  feeding  rates  of 
Milkweed  sample,  which  was  in  good  agreement  with  reported 
results.  The  elemental  composition,  HHV  and  pH  data  did  not 
showed  any  obvious  influence  of  feeding  except  for  a  slight 
decrease  in  oxygen  content  with  increased  feeding  rate.  The 
gaseous  products  were  affected  by  the  feeding  rate  of  the  Milkweed 
biomass;  higher  feeding  rates  at  475  °C  led  to  increase  in  CO 
production  while  C02  decreased.  C02  was  mostly  produced  from 
carboxyl  release  at  a  relatively  low  temperature  and  low  feeding 
rate  (Luo  et  al.,  2004;  Bulushev  and  Ross,  2011).  In  this  work,  H2 
was  observed  at  200  g/h  feeding  rate,  which  could  be  due  to 
secondary  reaction  of  volatiles  that  released  CO  and  H2. 

Table  4  shows  the  effect  of  fluidization  velocity  on  product 
distribution.  Long  vapor  residence  time  caused  secondary  reaction 
of  primary  products  such  as  thermal  cracking,  repolymerization, 
and  recondensation,  resulting  in  decreasing  yields  of  specific 
products  such  as  organic  liquid  fraction.  Effect  of  vapor  residence 
time  on  product  distributions  was  carried  out  at  2.0  Umf,  3.0  Um f, 
and  4.0  Um[  at  425  °C  which  corresponded  to  residence  time 
2.90  s,  1.93  s,  and  1.45  s,  respectively.  Total  liquid  yields  as  well 
as  organic  fraction  were  highest  at  3.0  Um[,  whereas  gas  yield 
was  low.  There  was  no  obvious  influence  of  fluidization  velocity 
on  elemental  composition  and  HHV.  The  pH  of  aqueous  phase 
decreased  with  increasing  fluidization  velocity,  and  methane 
and  >C4  hydrocarbons  also  decreased  with  increasing  fluidization 
velocity. 
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Table  3 

Effect  of  feeding  rate  on  product  yields  in  a  bubbling  fluidized  bed  for  Milkweed. 


Reaction  conditions 


425  °C 

475  °C 

too  g/h 

150  g/h 

200  g/h 

100  g/h 

150  g/h 

200  g/h 

Product  yield  (wt%) 

Total  liquid 

41.97 

44.94 

44.19 

39.90 

41.75 

42.24 

Organics 

23.59 

25.26 

26.35 

21.80 

22.15 

23.96 

Water 

18.38 

19.68 

17.84 

18.10 

19.60 

18.28 

Char 

27.98 

30.34 

27.91 

26.26 

26.70 

24.84 

Gas 

30.05 

24.72 

27.90 

33.84 

31.56 

32.92 

Elemental  analysis  of  bio-oil  (wt%) 

C 

66.59 

66.57 

69.07 

69.05 

68.64 

69.07 

±1.02 

±0.40 

±0.90 

±0.52 

±0.68 

±0.36 

H 

8.90 

8.83 

8.81 

8.72 

8.95 

8.97 

±0.30 

±0.10 

±0.22 

±0.11 

±0.14 

±0.15 

N 

4.36 

4.75 

5.52 

5.04 

4.66 

5.67 

±0.10 

±0.07 

±0.52 

±0.12 

±0.04 

±0.23 

O 

20.15 

19.85 

16.60 

17.19 

17.75 

16.29 

HHV  of  bio-oil  (MJ/kg) 

31.96 

31.94 

31.28 

32.87 

32.58 

30.92 

pH  of  aqueous  phase 

7.35 

6.75 

6.90 

7.38 

7.41 

7.37 

±0.02 

±0.06 

±0.04 

±0.01 

±0.03 

±0.01 

Gas  selectivity  (mol%) 

CO 

19.95 

22.39 

20.04 

19.91 

18.06 

32.21 

co2 

76.04 

70.41 

71.03 

68.93 

74.37 

49.83 

h2 

0.00 

0.00 

0.00 

0.00 

0.00 

6.84 

ch4 

2.13 

3.68 

4.73 

7.16 

4.15 

6.01 

c2h6 

0.25 

0.46 

0.64 

0.51 

0.35 

0.65 

C3H8 

1.00 

1.15 

1.22 

1.02 

0.92 

1.32 

>C4  hydrocarbons 

0.63 

1.92 

2.35 

2.48 

2.16 

3.14 

Table  4 

Effect  of  fluidization  velocity  on  product  yields  in  a  bubbling  fluidized  bed  for 
Milkweed:  425  °C,  150  g/h. 


Fluidization  velocity,  Um f 

2.0  x  l/mf 

3.0  x  Um, 

4.0  x  Um, 

Product  yield 

Total  liquid 

42.41 

44.94 

42.11 

(wt%) 

Organics 

22.51 

25.26 

23.83 

Water 

19.90 

19.68 

18.28 

Char 

26.70 

30.34 

27.92 

Gas 

30.89 

24.72 

29.95 

Elemental 

C 

65.11  ±0.63 

66.57  ±  0.40 

69.05  ±  0.52 

analysis  of 

H 

8.57  ±0.18 

8.84  ±0.10 

8.72  ±0.11 

bio-oil  (wt%) 

N 

4.77  ±0.14 

4.75  ±  0.07 

5.04  ±0.12 

O 

21.55 

19.85 

17.19 

HHV  of  bio-oil  (MJ/kg) 

32.52 

31.94 

32.33 

pH  of  aqueous  phase 

7.15  ±0.03 

6.75  ±  0.05 

6.64  ±  0.02 

Gas  selectivity 

CO 

20.38 

22.39 

20.64 

(mol%) 

co2 

71.65 

70.41 

72.64 

h2 

0.00 

0.00 

0.00 

ch4 

4.19 

3.68 

3.50 

c2h6 

0.45 

0.46 

0.47 

c3h8 

1.10 

1.15 

1.08 

>C4 

hydrocarbons 

2.23 

1.92 

1.85 

Um f :  Minimum  fluidization  velocity. 


3.4.  Bio-oil  analysis 

Bio-oil,  which  was  collected  in  ESP,  was  used  for  the  'H  NMR 
and  13C  NMR  analysis.  From  the  spectra  on  the  'H  NMR,  it  is  evi¬ 
dent  that  there  are  major  differences  in  the  overall  chemical 
makeup  of  the  bio-oils  from  the  different  reaction  temperatures. 
The  region  between  0.5  ppm  and  1.5  ppm  represents  alkane  pro¬ 
tons,  which  showed  the  highest  relative  concentration.  The  peak 
height  was  lower  at  475  °C  than  those  at  425  °C  and  525  °C.  The 
region  from  1.5  ppm  to  3.0  ppm  which  also  represent  protons  on 
aliphatic  carbon  atoms  was  lower  at  475  °C  than  those  of  425  °C 
and  525  °C  like  alkanes  proton.  The  region,  from  3.0  ppm 


4.4  ppm,  are  the  protons  of  alcohols  and  amines,  and  the  region 
between  4.4  ppm  and  6.0  ppm  are  methoxy,  carbohydrates,  and 
phenolic-OH,  alkanes  and  aliphatic  protons.  The  peaks  in  these 
regions  were  most  intense  at  475  °C.  This  means  that  reaction 
pathways  are  different  at  475  °C  to  425  °C  and  525  °C.  Mullen 
et  al.  (2013)  used  ’H  and  13C  NMR  to  characterize  fast  pyrolysis 
bio-oils  from  protein-rich  pennycress  seed  cake.  Their  results 
showed  high  alkane  and  methoxy  protons  similar  to  those 
observed  in  the  Milkweed  bio-oil.  The  aromatic  region  of  the  spec¬ 
trum  (6.0-8. 5  ppm)  showed  relatively  lower  peak  at  475  °C  com¬ 
pared  to  those  at  425  °C  and  525  °C.  This  region  contains  not 
only  those  hydrogen  atoms  in  benzenoids,  but  also  those  in  hetero¬ 
aromatics  containing  O  and  N  (Mullen  et  al.,  2009).  From  the  ele¬ 
mental  analysis  of  bio-oils  (Tables  3  and  4),  the  content  of  N  in 
bio-oils  was  between  4.36  wt%  and  6.44  wt%.  Thus,  it  was  assumed 
that  most  of  N  compounds  in  of  Milkweed  existed  as  heteroaromat¬ 
ics  and  amines.  The  pH  for  the  mustard  family  pyrolysis  oils  was 
measured  at  6.5-8. 0  (Boateng  et  al.,  2010).  They  explained  the  high 
pH  of  those  bio-oils  was  due  to  their  high  organic  nitrogen  content 
(4-1 1  wt%)  in  the  liquids.  From  GC/MS  analysis,  nitrogen  was  con¬ 
tained  in  cyclic  amines  (pyridines,  pyrroles,  indoles,  piperidines, 
and  their  derivatives),  which  effected  neutralizing  the  organic 
acids  such  as  formic  acid,  acetic  acid,  propanoic  acid,  and  others. 
The  nitrogen  content  in  bio-oils  for  Milkweed  was  between 
4.36  wt%  and  6.60  wt%  depending  on  reaction  conditions.  The  high 
pH  of  Milkweed’s  bio-oils  was  similar  to  those  of  pennycress  press 
cake  pyrolysis  oil. 

The  major  differences  of  13C  NMR  spectra  between  425  °C  bio¬ 
oil  and  475  °C  bio-oil  appeared  in  the  region  from  0  ppm  to 
55  ppm.  This  region  represents  aliphatic  hydrocarbons  which  cor¬ 
roborates  the  proton  NMR  data.  Bio-oils  from  lignocellulosic  bio¬ 
mass  showed  higher  contents  of  levoglucosan,  anhydrosugars, 
alcohols,  ethers  (60-105  ppm)  and  C=0  groups  (160-180  ppm) 
than  bio-oil  from  Milkweed  (Mullen  et  al.,  2009;  Agblevor  et  al., 
2010;  Yathavan  and  Agblevor,  2013).  In  13C  NMR  spectra  of 
Milkweed  pyrolysis  oil,  the  aliphatic  hydrocarbons  and  aromatic 
hydrocarbons  signals  were  higher  than  other  groups.  HHVs  of 
bio-oil  from  Milkweed  samples  at  different  reaction  conditions 


S.-S.  Kim,  F.A.  Agblevor / Bioresource  Technology  169  (2014)  367-373 


373 


were  over  30  MJ/kg  (Tables  2-4)  for  non-catalytic  fast  pyrolysis. 
Thus,  it  appears  that  higher  HHV  of  bio-oil  from  Milkweed  was 
because  of  the  higher  aliphatic  and  aromatic  hydrocarbon  content. 

The  studies  clearly  demonstrate  that  Milkweed  pyrolysis  liquids 
and  gases  have  higher  energy  density  than  those  from  most  ligno- 
cellulosic  biomass  feedstocks.  The  high  pH  of  these  oils  also  make 
them  superior  products.  Thus  Milkweed  which  can  be  harvested 
about  three  times  a  year  can  potentially  out  perform  traditional 
feedstocks  like  switchgrass,  miscanthus  and  hybrid  poplar  wood 
both  in  feedstocks  yield  and  energy  density.  The  only  potential 
disadvantage  of  this  feedstock  is  the  high  nitrogen  content  of  the 
bio-oil. 

4.  Conclusions 

Unlike  most  lignocellulosic  biomass  pyrolysis  oils,  the  Milkweed 
pyrolysis  oil  had  very  high  HHV  (>30  MJ/kg)  and  very  high  pH.  The 
13C  NMR  analysis  of  the  pyrolysis  oil  showed  a  large  fraction  of 
aromatic  and  aliphatic  hydrocarbons,  therefore  could  be  easily 
upgraded  to  hydrocarbon  fuels.  The  Milkweed  feedstock  appear  to 
be  potentially  superior  to  most  lignocellulosic  biomass  feedstocks 
in  terms  of  high  energy  density  and  it  could  be  harvested  about 
three  times  per  year.  It  could  be  cultivated  on  a  large  scale  without 
competing  with  food  supply  and  it  could  potentially  outcompete 
traditional  bioenergy  feedstocks  such  switchgrass  and  hybrid 
polar. 
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